relations were studied by double injection in canine kidneys. Blood vessels were injected via the artery after perfusion fixation. Tubules were injected by micropipettes inserted into the urinary spaces of selected glomeruli in cleared slices. One hundred proximal convoluted tubules, 16 Henle loops, and 5 distal convoluted tubules were defined. Only subcapsular proximal convolutions were perfused by efferent vessels arising from the same glomerulus (43 of 55). In midcortex, proximal convolutions were generally perfused over less than half their length by the parent efferent (2 1 of 3 1). Here tubules entirely perfused by the parent &erent were rare (2 of 31). No inner cortical proximal convolutions were perfused by the efferent from the same glomerulus (0 of 14). Henle's loops were found to be perfused by the efferents of many glomeruli regardless of the cortical position of the parent glomerulus.
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229(3) : 695-7 13. 1975.-Tubular organization and vascular-tubular relations were studied by double injection in canine kidneys. Blood vessels were injected via the artery after perfusion fixation. Tubules were injected by micropipettes inserted into the urinary spaces of selected glomeruli in cleared slices. One hundred proximal convoluted tubules, 16 Henle loops, and 5 distal convoluted tubules were defined. Only subcapsular proximal convolutions were perfused by efferent vessels arising from the same glomerulus (43 of 55). In midcortex, proximal convolutions were generally perfused over less than half their length by the parent efferent (2 1 of 3 1). Here tubules entirely perfused by the parent &erent were rare (2 of 31). No inner cortical proximal convolutions were perfused by the efferent from the same glomerulus (0 of 14). Henle's loops were found to be perfused by the efferents of many glomeruli regardless of the cortical position of the parent glomerulus.
Distal convolutions shared the perfusion of proximal convolutions of the same glomerulus. Thus, each nephron is apparently functionally dependent on efferent blood from glomeruli of many other nephrons. New synoptic diagrams of canine renal organization are presented.
nephron; proximal tubule; Henle's loop; distal tubule; efferent vessels; kidney blood flow THE ('NEPHRON," defined originally by Braus (12) as a glomerulus and the tubule originating from it, is the accepted functional unit of the kidney. However, ever since the time of Bowman and Ludwig, physiologists have recognized that this purely tubular unit does not function independently, but is entirely dependent on a specialized system of vascular perfusion. This perfusion is the source of the filtrate, the recipient of reabsorbed solute and water, and the reservoir of oxygen and nutrients for cellular secretory and reabsorptive mechanisms. Diagrams of renal tubular organization and vascular tubular relations often indicate that the entire vascular perfusion of each nephron is derived from the efferent vessel of the parent glomerulus. If this relationship were real, the nephron would require only the addition of its own efferent capillary network to make it a completely independent functional unit. Such nephron units might be able to maintain filtration and reabsorption in balance by physical factors alone, independently of the function of neighboring units (43) . If all units were alike, experiments conducted on superficial nephrons could be safely extrapolated to deeper regions of the cortex. On the other hand, it has been long established that both vascular patterns and nephron configurations differ from region to region of the kidney (9, 28, 32) . Strong functional evidence exists for differences in singlenephron filtration rates and fractional reabsorption between nephrons in the superficial and deep cortex (1, 10, 2 1, 23). Little has been reported, however, on the relation between the tubule and efferent blood vessels arising from the same glomerulus, or on the pattern of perfusion of single, identified nephrons. The pattern of these vasculartubular relations at each level of the cortex or medulla also remains to be established.
Recently, by means of tubular microinjections in cleared kidneys, it has become possible to visualize both the vascular and tubular structures arising from chosen glomeruli in all regions of the cortex. Initial results from this method have shown that the early proximal tubule of the dog kidney is generally dissociated from the efferent vessel of the same glomerulus (4). This work has been extended to Henle's loops in both canine and human kidneys (6, 8) . In the present series we have attempted to define the vasculartubular relations for complete canine nephrons. In addition, because the data obtained indicate that most "textbook" diagrams of renal vascular and tubular organization are not sufficiently accurate to serve as a basis for physiological investigations, we have prepared new synoptic diagrams which illustrate our observations.
METHODS

Tubular
configuration and vascular-tubular relations were defined in perfusion-fixed dog kidneys, the vascular structures of which were partly filled with orange silicone rubber by arterial injection. After tissue clearing, tubules were filled with white silicone by means of micropipettes inserted into the Bowman's spaces of chosen glomeruli. This general procedure has previously been described (4), but the methods currently used differ in numerous details from those reported earlier.
Mongrel dogs of both sexes were anesthetized with sodium pentobarbital (30 mg/kg) and the left kidney was exposed through a flank incision. A 10 7% solution of mannitol in saline was administered intravenously at a rate of 10 ml/ min to induce diuresis. Ureteral flow was typically greater than 5 ml/min at the beginning of fixation. A catheter was passed by way of the femoral artery into the left renal artery. Care was taken not to interrupt renal blood flow. Loose ties were placed around the renal artery and the III AND Jo V. BONVENTRE renal vein. Of the three incomplete proximal tubules, one was completely dissociated and two were partly perfused by the parent efferent network.
In 25 midcortical injections the silicone continued into the straight part of the proximal tubule (17 II L, 5 11 S, 3 II C). These fillings showed clearly that this part of the tubule is completely dissociated from the efferent network arising from the parent glomerulus and is perfused entirely by efferent structures derived from deeper midcortical glomeruli.
The tips of seven Henle loops originating in midcortex were filled. These were all located in the inner medulla at depths that appeared to correlate well with the depth of the parent glomerulus in the cortex. Appreciable portions of the ascending limbs of five midcortical glomeruli were filled (3 II L, 2 II S). In contrast to the "straight part" of the proximal tubules, this segment is quite smooth and straight.
In each case, the ascending and descending limbs were closely apposed in the cortex, separated in the outer medulla, and relatively close again in the inner medulla. Typical midcortical efferent vessels and proximal conmarily perfuse the tubules of a medullary ray are shown in voluted tubules are shown in Figs. 3 and 4 . The highly Fig. 3C . Injection discloses a tubule which extends far convoluted efferent network of Fig. 3A (type II C) lies below the glomerulus. The proximal convoluted tubule above the parent glomerulus and which is clearly perfused lies above the glomerulus and is entirely dissociated from by the efferents of other glomeruli (Fig. 30) . Such "tall" the efferent network (Fig. 3B) . The vertically oriented tubules are common in the dog kidney. Another midcortical efferent networks (type II L) of two glomeruli which priglomerulus is shown before and at two stages of injection in Fig. 4 Fig. 6D ).
is shown in Fig. 6 . The length of its proximal convoluted tubule is 15.2 mm. The Henle loop extends 11 mm below the glomerulus to the middle of the inner medulla. The two limbs of the loop are most widely separated in the outer medullary region. The distal convoluted tubule (length 4.1 mm) is closely entwined with the proximal convolutions. In summary, the midcortical glomerulus has a tall proximal convoluted tubule that is generally associated over less than half its length with the efferent vessels from the same glomerulus. Most of the tubule is clearly perfused by efferents coming from other glomeruli. The straight part of the proximal tubule is perfused by efferents arising from glomeruli deeper in the cortex. The loop of Henle turns midway within the inner medulla. The ascending limb is closely apposed to the descending limb in the cortex, but is separated from it in the medulla. The distal convoluted tubule is much shorter than the proximal convoluted tubule and shares its perfusion.
Inner cortical Zone. Most glomeruli in the inner cortex have efferents which divide to form the vascular bundles of the outer medulla, and which, through these bundles, supply the outer and inner medulla (Fig. 1) . The predominant efferent types, III L and III S, supply the bundles by way of long and short connections, respectively. The long segments of type III L efferents often give rise to small branches or twigs. A third inner cortical efferent, type III C, breaks up to form a complex capillary network in the inner cortex. Such efferents are relatively rare and difficult to recognize. In the present series only glomeruli having type III L and III S efferents were injected. The entire proximal convoluted tubules of 14 glomeruli were injected (6 III L, 8 III S) and 11 of these fillings extended into the straight part (4 III L, 7 III S). T wo Henle loop tips and ascending limbs were filled (III L). One distal convoluted tubule was completely injected. In addition, data were obtained on 21 incompletely filled proximal tubules.
Each of the 14 completely filled inner cortical proximal convoluted tubules extended above the glomerulus of origin and was completely dissociated from the efferent vascular network of that glomerulus. Often the perfusion of these convoluted tubules by efferents of glomeruli located in the inner part of the midcortex could be clearly observed. No systemic differences were noted between tubules arising from glomeruli having III L and III S efferents. In four of the type III L fillings small efferent branches were visible which might, if better filled, have extended to perfuse a short segment of the proximal convolution near the glomerulus. However, based on present observations, it seems very unlikely that any significant perfusion of the inner cortical proximal convoluted tubule was derived from such small efferent branches. Each of the 21 incomplete proximal fillings was clearly dissociated from the efferent vascular network of the same glomerulus. In six of these cases, small efferent branches were observed which did not contribute to the perfusion of the proximal convoluted tubule.
The proximal straight portions of 11 inner cortical glomeruli were filled. Each of these descended through the outer medulla between vascular bundles. As each bundle is typically formed from the efferent vessels of 10 or more R. BEBUWKES III AND J. V. BONVENTRE glomeruli, it seems of no particular significance that the straight part often descended near the bundle to which the parent glomerulus contributed. Two loop turning points and ascending limbs were filled. These loop tips lay close to the papilla tip. The ascending and descending limbs of the loop were very closely apposed in the inner medulla, were separated in the outer medulla, and came together again in the cortex. One distal convoluted tubule was filled. It was closely entwined with the proximal tubule. The connection with a collecting duct was clearly observed.
A typical inner cortical glomerulus and its efferent vascular network (type III L) is shown in Fig. 5A . The efferent vessel descends to form part of a vascular bundle. The complete proximal convoluted tubule of this glomerulus is shown injected with silicone in Fig. 5B . The tubule extends above the glomerulus and is entirely dissociated from its efferent vascular network. An entire inner cortical nephron is shown in Fig. 6 . The length of its proximal convolution is 23.1 mm. The loop of Henle is 12.5 mm long and extends almost to the papilla tip. The two parts of the loop are separated in the outer medulla. The distal convolutions are FIG. 5 and distal convolutions seen in the present study is in accord not only with the models, but also with direct observations of surface convolutions. It is of interest that this relationship appears equally strong in all parts of the cortex. The length of the proximal tubules falls within the range measured in dogs by microdissection methods, and suggests an increase in length with increasing depth within the cortex (11).
The configuration of the Henle loops has been extensively studied by microdissection, a technique pioneered by Peter (32). This work has established that loops arising from glomeruli deeper in the cortex extend to greater depths in the medulla. Sperber (37), using microdissection, noted that all the loops in the dog kidney were "long."
By this he meant only that all the loops reached the inner medulla, a finding confirmed by our observations. Loops that turn entirely within the cortex, while apparently relatively common in man (39), were not found in the dog. The relation between the descending and ascending limbs of the loops is difficult to determine by microdissection, since the tubules must be teased away from their supporting matrix. Kriz and his colleagues (24, 26) have made a thorough study of these relations in the rat using histologic techniques supplemented by tubular injections.
He has found that the two limbs lie close together except in the outer medulla.
A similar separation is observed in the dog kidney. Within the medullary ray of the cortex the two limbs usually appear to be in contact, but they often separate abruptly in the outer medulla.
In the inner medulla the separation is variable, the longest loops having limbs closest together (Fig. 6A) . Vascular-tubuhr relations. The vascular-tubular relations of 100 complete proximal convoluted tubules and 13 Henle loops were defined in this series. These injections show that each nephron is perfused over most of its length by efferent blood derived from glomeruli of other nephrons. In view of the importance of vascular perfusion to nephron function, there are surprisingly few data in the literature with which these results may be compared. Bowman (9) showed a millimeter segment of a proximal tubule directly perfused by the efferent from the same glomerulus.
His text indicated, however, that he believed efferent networks to be "freely anastomotic.
" Morison (28) reported that the proximal and distal convolutions were perfused by the efferent of the same glomerulus, but that the remainder of the nephron was supplied by the "free anastomoses of the efferent branches of other glomeruli."
Trueta and co-workers (40) illustrated one vascular injection that broke through a glomerulus and partly filled the proximal tubule. They commented that the efferent vessel did not perfuse the tubule but instead supplied the region of a medullary ray. Bialestock (7), in the course of microdissection of some midcortical tubules, noted that "the capillaries arising from any one efferent arteriole did not, as a rule supply the tubule of the parent glomerulus.
. . ." On the other hand, Steinhausen (38) noted close association between the efferent and proximal tubule of the same glomerulus in the rat superficial cortex and suggested that blood and tubule flows were in countercurrent apposition. The relations between the initial segments of proximal tubules and the efferent vessels from the same glomeruli were described in the first report on the present tubular injection method (4). That study noted "that a difference in vascular-tubular relations exists between the nephrons of the subcapsular cortex and those in the bulk of the organ."
This conclusion, entirely consistent with the results of the present study, was based on the close association between the efferent vessel and proximal convolution of the same glomerulus in the subcapsular cortex and the nearly complete dissociation observed deeper in the kidney. The apparent disparity between the observations of Steinhausen and those of Trueta and Bialestock can thus be explained by the difference in region of the kidney studied.
The results of both current and earlier studies from this laboratory, however, fail to demonstrate local countercurrent blood and tubule flow. Our observations accord with those of Solomon (36), who noted that tubules often flow along one side of a capillary, then reverse and return in the opposite direction. A more general apposition, in which the efferent vessel first perfused the later segments of the proximal tubule, was occasionally noted, however, and could possibly constitute a type of countercurrent system. The regional differences in vascular-tubular relationships here reported should be considered in the context of other regional differences in nephron function and pathology. The efferents in the subcapsular zone of the kidney originate in glomeruli whose juxtaglomerular structures are high in renin content (13). These glomeruli are the first to shut down in circulatory shock ( 15) Each of these efferents appears to perfuse only a short length of tubule in the ray, so that a single straight part may be supplied by efferents from 20 or more glomeruli along its path (Fig. 6C) loops and collecting ducts of the ray. The "arterial" vessels, which here, for clarity, include early efferent peritubular capillaries, are depicted in red. The efferent vessel types and variations shown are representative, not exhaustive, and were selected to give an accurate visual impression of the patterns observed in silicone-injected specimens. Only a few venous connections are shown: these illustrate that the drainage of each region of the cortex appears localized to that region, except where inner cortical efferents extend into the medulla. By showing only three nephrons, the organization and perfusion of each can be readily visualized. However, this simplification prevents illustration of the actual density with which tubular structures are packed in the formation of the organ. And, wherever tubules are left unperfused in the diagram, the imagination of the observer must supply appropriate vessels. A gap has been left in the capillary network of the outer medulla so that the apposition of thin descending and thick ascending limbs of the loops may be easily seen. However, to reduce visual confusion in this region, no attempt has been made to show that the descending limbs are closer to the vascular bundles than the ascending limbs. Space has also prevented showing that each bundle is typically formed from the efferents of 10 or more glomeruli. While branching of the collecting duct is shown only schematically, the arching pattern of this structure is in accord with observations made on injected specimens.
The black and white diagram (Fig. 8 ) was prepared by simplifying and generalizing the patterns shown in Figs. 6 and 7. The glomeruli and tubules have been magnified relative to the arterial system, and the vertical scale has been severely compressed. This compression has been achieved by reducing the height of the cortex and shortening the Henle loops. Despite this distortion, exemplified by the scale diagram in the figure, the appearance of the cortical tubular structures and their associated blood vessels is quite accurately portrayed. The absence of venous connections and the large size of the tubules permits each nephron to be followed with little difficulty. Arrows indicating the direction of tubular flow have been provided. The outer medullary association between descending thin limbs and the vascular bundles is shown according to a REFERENCES Huber (22) . But neither of these earlier workers attempted to show the relationship between the efferent blood vessels and the tubule arising from the same glomerulus. Thus it may be that the close association between these structures depicted in Smith's drawings was derived from a diagram which appeared in the book by Cushny (17) The Secretion of the Urine in 1917. That diagram depicts a tubule drawn according to Huber, and a tubule to which "a diagram of the circulation is added." This diagram indicates that the entire perfusion of the tubule, including Henle's loop, is derived from the efferent vessel of the same glomerulus. Cushny cites no authority for this arrangement, and we have not found such a pattern described in earlier work. Now that the vasculartubular relations of complete nephrons have been directly demonstrated, and considering the earlier work of others
